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Summary 
Invariant chain (Ii)-negative mice exhibit defects in 
MHC class II assembly and transport that results in 
reduced levels of surface class II, altered antigen pre- 
sentation, and inefficient positive selection of CD4+ 
T cells. Many CD4+ T cells that do mature in Ii-negative 
mice express a cell surface phenotype consistent with 
aberrant positive selection or peripheral activation. 
Reconstitution of these mice with low levels of either 
the p31 or p41 form of Ii does not restore transport of 
the bulk of class II or class II surface expression, but 
surprisingly does restore positive selection as mea- 
sured by numbers and surface phenotype of CD4+ T 
cells. Thus, an Ii-dependent process, independent of 
effects on class II surface density, appears to be re- 
quired for normal positive selection of CD4+ T cells. 
Introduction 
Invariant chain (Ii) influences major histocompatibility 
complex (MHC) class II-restricted antigen presentation by 
mediating several effects on class II synthesis and function 
(for reviews see Germain and Margulies, 1993; Cresswell, 
1994; Sant and Miller, 1994). Ii is important for assuring 
proper assembly and folding of class II dimers (Peterson 
and Miller, 1990; Layet and Germain, 1991; Schaiff et al., 
1991; Anderson and Miller, 1992; Rath et al., 1992). Ii is 
thought to prevent class II from associating with misfolded 
and partially folded proteins, such that in the absence of 
Ii class II associates with heat shock proteins and endo- 
plasmic reticulum (ER) resident proteins, such as BiP, and 
forms aggregates in the ER (Schaiff et al., 1992, Nijenhuis 
and Neefjes, 1994; Bonnerot et al., 1994). Thus, associa- 
tion with Ii leads to enhanced egress of class II from the ER 
to the Golgi. Ii also prevents class II from binding peptides 
(Roche and Cresswell, 1990; Teyton et al., 1990), which 
probably functions to prevent class II-peptide association 
from occurring in the ER. Collectively, these effects of Ii 
lead to an increase in the efficiency of ER to Golgi trans- 
port, with the peptide-binding groove free of ER-derived 
peptides. 
Ii has been shown to play a role in the post-Golgi traffick- 
ing of class II. Specifically, Ii enhances localization of class 
II in the endocytic compartment (Lotteau et al., 1990; Lamb 
et al., 1991; Romagnoli et al., 1993; Chervonsky et al., 
1994). Ii-dependent endosomal localization of class II can 
be mediated by direct targeting (Pieters et al., 1993; Odo- 
rizzi et al., 1994) and by endosomal retention (Neefjes and 
Ploegh, 1992; Loss and Sant, 1993). Once the Ii-class II 
complex reaches the endocytic compartment, Ii is de- 
graded quickly (Blum and Cresswell, 1988; Nguyen and 
Humphrey% 1989; Pieters et al., 1991; Morton et al., 
1995). Thus, Ii facilitates the localization of class II to an 
endocytic compartment where class II-Ii dissociation and 
antigenic peptide binding is thought to take place (Amigo- 
rena et al., 1994; Qiu et al., 1994; Rudensky et al., 1994; 
Tulp et al., 1994; West et al., 1994; Castellino and Ger- 
main, 1995). It is important to note that the ability of Ii to 
impart its effects on class II is dependent on association 
of Ii with class II. The importance of molar equivalents of 
Ii and class II for efficient Ii function is apparent in transfec- 
tants; L cell transfectants expressing low levels of Ii are 
not efficient at imparting proper folding and transport of 
class II (Rath et al., 1992). In conventional class II-positive 
cells, Ii is usually expressed in molar excess of class II, 
presumably to ensure that the bulk of class II is associated 
with Ii. 
Any of these functions attributed to Ii could result in 
enhanced class II-restricted antigen presentation. In fact, 
coexpression of Ii with class II can enhance presentation 
of some antigenic epitopes (Stockinger et al., 1989; Berto- 
lino et al., 1991; Nadimi et al., 1991; Peterson and Miller, 
1992; Momburg et al., 1993), and the ability of Ii toenhance 
antigen presentation is attributed primarily to the p41 form 
of Ii (Peterson and Miller, 1992). The two isoforms of Ii, 
p31 and ~41, are generated by alternative splicing, with 
the p41 form containing an additional 64 aa inserted in 
the lumenal domain (Yamamoto et al., 1985; Koch et al., 
1987). The relative amounts of p31 and p41 can vary 
among professional antigen-presenting cells (APCs): in B 
cells, p41 comprises 10% of total Ii, whereas in Langer- 
hans cells, p41 comprises up to 40% of total Ii (Kampgen 
et al., 1991). The functional implications of the cell type 
differences is not yet known. 
Given these multiple functions of Ii, it was not surprising 
that the lack of Ii in Ii-negative (Ii”) mice has profound ef- 
fects in vivo, affecting all aspects of MHC class II biology 
(Bikoff et al., 1993; Viville et al., 1993; Elliott et al., 1994). 
MHC class II isolated from Ii0 splenocytes poorly assem- 
bles into dimers and is retained in the ER due to misfolding 
and aggregation of class II (Bikoff et al., 1993,1995; Viville 
et al., 1993; Elliott et al., 1994). One effect that differed 
from studies of transfectants (Miller and Germain, 1986; 
Sekaly et al., 1986) was that B cells from Ii” mice express 
low levels of class II at the cell surface, probably owing 
to impaired class II folding and transport from the ER. 
Thus, the lack of Ii in the Ii0 mice leads to inefficient intracel- 
lular transport and low surface expression of class II. 
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Although class II folding and transport are defective in 
the absence of Ii, the class II in Ii0 mice is not devoid of 
bound peptides, but rather is likely to have a different array 
of peptides bound as compared with Ii-positive cells. APCs 
from Ii0 mice can present soluble antigens, albeit ineffi- 
ciently in most cases (Bikoff et al., 1993; Viville et al., 1993; 
Elliottet al., 1994). Thus, someclass II can reach endocytic 
compartments in the absence of Ii, consistent with previ- 
ous results from transfection studies (Salamero et al., 
1990; Simonsen et al., 1993; Chervonsky et al., 1994). 
Furthermore, some antigenic epitopes derived from en- 
dogenous antigens can be presented better by APCs from 
Ii” mice (Bodmer et al., 1994). Thus, although class II is 
not free of peptides in Ii-negative cells, the nature of the 
peptides bound or the way in which peptides bind to class 
II is different in Ii0 mice. This is demonstrated by the in- 
creased ability to bind exogenous peptides and the lack 
of SDS-resistant dimerformation (Bikoff et al., 1993; Viville 
et al., 1993; Elliott et al., 1994). SDS-resistant class II di- 
mers, defined as class II dimers that remain associated 
under stringent detergent conditions, are formed in a post- 
Golgi compartment (Neefjes and Ploegh, 1992; Amigo- 
rena et al., 1994; Qiu et al., 1994; Tulp et al., 1994; West 
et al., 1994) and have been shown to be dependent on 
peptide binding to class II (Germain and Hendrix, 1991; 
Sadegh-Nasseri and Germain, 1991; Stern and Wiley, 
1992). Interestingly, only a subset of class II-binding pep- 
tides confers SDS-resistant dimer formation of class II 
(Nelson et al., 1994). Together, previous data suggest that 
IPAPCs have an altered ability, rather than adeficiency, to 
generate peptide-class II complexes from intact antigens. 
In the context of these alterations in class II biochemistry 
and peptide loading, it is interesting that the lack of Ii has 
substantial effects on CD4+ T cell development. The per- 
centage of both single-positive CD4+ thymocytes and 
CD4+ T cells in the periphery is reduced in Ii0 mice, together 
suggesting inefficient positive selection (Bikoff et al., 1993; 
Viville et al., 1993; Elliott et al., 1994). Negative selection 
of thymocytes also appears to be inefficient (Viville et al., 
1993). A limitation of these studies is that it is unclear 
whether the defects in thymic selection and the peripheral 
CD4+ T cell compartment are a direct consequence of the 
lack of specific functions imparted by Ii, such as peptide 
loading, or an indirect consequence of reduced class II 
levels on the cell surface. Positive selection of at least 
some Tcell receptors (TCRs) has been shown to be depen- 
dent on levels of surface class II expression (Berg et al., 
1990; Gilfillan et al., 1991; Bogen et al., 1992). 
To begin to dissect roles of the various forms of Ii in 
positive selection, we have reconstituted Ii0 mice with sin- 
gle forms of Ii, using transgenes encoding only p31 or only 
~41. In this report, we show that both p31 and p41 can 
restore efficient positive selection of CD4+ T cells. How- 
ever, in the reconstituted mice that have been analyzed, 
the level of Ii expression is extremely low (about 1% of 
wild type) in both splenic B cells and thymic epithelium. 
This low level of p31 or p41 was not sufficient to restore 
cell surface expression or normal peptide loading of class 
II. These data suggest that Ii can have profound effects 
on T cell development independent of effects on the bio- 
chemistry of the bulk of class II. Thus, inefficient positive 
selection of CD4’ T cells in Ii0 mice is not simply a result 
of reduced class II expression at the cell surface. Rather, 
Ii is required for efficient generation of the ligands that 
drive positive selection of CD4’Tcells and at least asubset 
of these ligands can function at relatively low levels. 
Results 
Reconstitution of Ii-Negative Mice with Low Levels 
of Ii Restores Positive Selection of CD4+ T Cells 
In mice that lack expression of Ii, the efficiency of both 
antigen presentation and thymic selection of CD4’ T cells 
is markedly reduced (Bikoff et al., 1993; Viville et al., 1993; 
Elliott et al., 1994). Although these data are consistent 
with the role of Ii in generating class II-peptide ligands 
and the possible importance of such ligands in Tcell selec- 
tion, Ii” mice also display significantly reduced levels of 
class II at the cell surface (Bikoff et al., 1993; Viville et al., 
1993; Elliott et al., 1994). Thus, it was difficult to determine 
whether these functional effects of Ii were dependent on 
the density of class II or the specificity of class II-peptide 
ligand generation. To understand better the role of Ii in 
antigen presentation and thymic development, we have 
reconstituted Ii” mice with single isoforms of Ii. Transgenic 
mice expressing only the p31 or only the p41 form of Ii 
were generated and crossed to Ii0 mice to obtain mice 
that lacked expression of endogenous Ii, but expressed 
transgenic p31 (~31 R mice) or p41 (~41 R mice). Expres- 
sion of p31 or p41 cDNA clones was driven by the MHC 
class II Ea promoter to allow for expression of Ii in class 
II-positive cells (Kouskoff et al., 1993). In the initial set of 
p31R and p41R mice described here, the Ii transgenes 
were expressed at low levels as compared with endoge- 
nous Ii in wild-type mice. By Western analysis of spleen 
cells (Figure 1 A), levels of p31 protein in p31R mice was 
at most 1% of the p31 levels seen in normal mice. Like- 
wise, in p41R mice, p41 protein levels represent about 
1%-50/o of normal levels of total Ii, and about 100/o-20% 
of normal levels of p41 (Figure 1B). 
Surprisingly, the low levels of Ii in p31 R and p41 R mice 
was sufficient to restore the percentage of CD4+ T cells 
to normal levels. As previously reported (Bikoff et al., 1993; 
Viville et al., 1993; Elliott et al., 1994) the percentage of 
single-positive CD4+ T cells in the thymus and the periph- 
ery is reduced in Ii0 mice (Figure 2). Remarkably, levels 
of Ii at 1% of normal were sufficient to restore both the 
percentage and total number of CD4+ T cells to levels 
equivalent to wild-type mice (Figure 2). Interestingly, in Ii” 
mice there is an increase in the percentage of CD8’ cells 
that is sustained in both p31 R and p41 R mice, suggesting 
that the absence of Ii can modulate the development, 
expansion, or both of CD8+ cells. Similar results on the 
ability of low levels of Ii to restore the number of CD4+ T 
cells were obtained with three independent founder lines 
of p31R mice and two independent lines of p41R mice, 
indicating that restoration of positive selection was not due 
to indirect effects of the integration site of the transgene. 
These data demonstrate that expression of either p31 or 
p41 Ii is sufficient to restore positive selection of CD4+ T 
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Figure 1. Low Expression of p31 or p41 in Ii0 Mice Reconstituted with 
Transgenic Forms of Ii 
Ii expression in wild-type, lie, and reconstituted mice was analyzed by 
Western blot. 
(A) Ii0 (lane l), p31R (lane 2), and two wild-type mice (lanes 3 and 4) 
were analyzed using a rabbit antisera (658) that recognizes the cyto- 
solic tail of Ii. The p31R mouse is from the transgenic line 3.F13; 
similarly low levels of p31 expression were found in mice from the 
3.M2 and 3.M5 line (data not shown). 
(B) Heterozygous p41-transgene positive (lane l), heterozygous 
transgene-negative (lane 2) Ii0 (lane 3) and p41 R (lane 4) mice were 
analyzed using the MAb, In-l, which also recognizes the cytosolic tail 
of Ii, The p41R splenocytes were from the transgenic line 4XJvl30; 
similarly low levels of p41 expression were found in mice from the 
4X.M9 founder line. The position of p31 and p41 are indicated on the 
left in each panel. 
cells and each form can mediate this effect when ex- 
pressed at very low levels. 
To exclude the possibility that restoration of the CD4’ 
T cell compartment was due to aberrantly high expression 
of the transgene in thymic epithelial cells, expression of 
Ii in the thymus of p31 R mice was assayed by immunohis- 
tochemistry. Figure 3 shows that p31 R mice express low 
levels of p31 throughout the thymic medulla and cortex 
as compared with normal mice. Overall, the levels seen 
in thymus were similar to those seen in sections of spleen 
taken from the same individual mouse (data not shown). 
Thus, the level of Ii in p31 R mice appears to be - 1% of 
wild type in both spleen and thymus. In particular, expres- 
sion of p31 in cortical epithelial cells, thought to play a 
major, if not exclusive, role in positive selection (reviewed 
by Jameson et al., 1995) was low throughout the cortex. 
Interestingly, a few rare cells in both thymic medulla (Fig- 
ure 3) and spleen (data not shown) of p31R mice ex- 
pressed Ii at levels higher than that seen in the majority 
of cells. At present, we do not know whether these cells 
are expressing abnormally high levels of Ii in p31R mice, 
or whether these cells normally express higher levels of 
class II and Ii, and are simply more evident when the over- 
all level of Ii expression is reduced. Consistent with the 
latter possibility, staining of sections from wild-type ani- 
mals with reduced amounts of anti-Ii antibody give a similar 
pattern of staining to sections from p31 R mice (data not 
shown). In either case, it is unlikely that these cells are 
responsible for the restoration of positive selection, be- 
cause evidence from other studies (reviewed by Jameson 
et al., 1995) indicates that medullary cells do not play a 
role in positive selection (see Discussion). 
Low Level Expression of p31 or p41 Is Not Sufficient 
to Restore Normal Class II Transport 
and Surface Expression 
In spite of the dramatic effects of low levels of Ii on T cell 
development, expression of Ii in p31 R and p41 R mice had 
little discernible effect on class II maturation and expres- 
sion at the cell surface. The requirement for Ii in the effi- 
cient assembly and folding of class II in the ER is evident 
in pulse-chase analysis as a reduced ability to generate 
mature forms of class II, indicative of transport from the 
ER through the Golgi apparatus. As shown in Figure 4A, in 
the presence of wild-type Ii class II is rapidly and efficiently 
transported to the Golgi. In contrast, in the absence of Ii 
(Figure 48) the majority of class II remains in an immature 
form throughout 4 hr of chase. The immature class II is 
retained in the ER as indicated by the incremental de- 
crease in size during the chase, owing to trimming of high 
mannose sugars during cycling between the cis-Golgi and 
the ER (Gething et al., 1986). Splenocytes from p31 R and 
~41 R mice selectively synthesize p31 or ~41, respectively, 
at the same low rates predicted from steady-state levels 
of expression seen in Western blot analysis in Figure 1 
(Figures 4C and 4D, anti-Ii precipitates). As seen in Ii0 
mice, the majority of class II is inefficiently transported 
from the ER to the Golgi in both p31 R and ~41 R spleno- 
cytes (Figures 4C and 4D, anti-class II precipitates). How- 
ever, it appears that a small percentage of class II may 
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Figure 2. Low Level Expression of Ii Restores 
Positive Selection of CD4+ T Cells 
The percentage of CD4’and CD8’ cells in vari- 
ous tissues was determined by flow cytometry. 
Ii transgene-reconstituted mice (-l-Tg’) were 
compared with age-matched heterozygous 
control (+I-) and Ii0 (-I-) mice in each group. 
Percentage of total cells within each quadrant 
is shown. 
(A) Analysis of thymocytes from a p31 R mouse 
(-l-Ta’) of the transgenic line 3.M2. Note the 
- I  
deficiency in CD4’ thymocytes in Ii0 mice is 
more pronounced in the CD4+CD8- population 
than in the CD4+CD8d’m population, and the 
CD4’CD8- thymocytes are restored in p31R 
mice. A total of five reconstituted mice 
(transgenic lines 3.M2, 4X.M9, and 4X.M30) 
were analyzed and gave similar results (data 
not shown). 
(6) Analysis of mesenteric lymph nodes of the 
same individual mice analyzed in (A). 
(C) Analysis of splenocytes from an indepen- 
dent ~31 R transgenic line, 3.F13. Splenocytes 
and lymph node cells from mice of the 3.F13, 
3.M2, and 3.W lines gave similar results (data 
not shown). 
(D) Analysis of lymph nodes from a mouse of 
the transgenic line 4X.M9. One other p41 R line 
(4X.M30) was tested and gave similar results 
(data not shown). Although the total number 
of cells recovered from lymphoid tissue was 
reduced in Ii0 mice, the recovery of CD4+ cells 
in thymus, spleen, and lymph nodes from both 
p31 R and p41 R is equivalent to wild-type mice 
(data not shown). Additional data on the per- 
centage of peripheral CD4’ cells in p31R and 
p41R mice is summarized in Table 2 (see 
below). 
be more efficiently transported in p31 R and p41 R spleno- p41 R mice (data not shown). In light of the importance for 
cytes. direct and stable interaction between class II and Ii for 
In addition, the low level of expression of Ii does not mediating class II folding and transport events, the inability 
effectively restore the density of class II molecules at the of low levels of Ii to modulate these events significantly 
cell surface. Levels of class II on splenic B cells in p31 R is not surprising. Thus, although it is likely that some class 
mice were similar to that seen in Ii” mice, about 20% of II is associating with Ii in p31 R and p41 R mice, the amount 
normal levels (Table 1). Similar results were obtained with of Ii expressed is not sufficient to associate with enough 
-I- p31’ 
Figure 3. Transgene-Derived Expression of p31 in p31 R Thymus Is Low throughout the Cortical Epithelium 
Frozen thymus sections from individual wild-type (+I+), heterozygous (+I-), Ii0 (-I-), and p31 R mice as indicated were stained with a 1:25 dilution 
of supernatants containing the MAb In-l, with the exception of Ii0 thymus sections, which were stained with undiluted supernatants, as described 
in Experimental Procedures. Each panel is oriented such that the medullary region is in the upper left corner. The p31 R mouse shown here is 
from the 3.F13 transgenic line; three individual p31 R mice from the same line were analyzed with similar results (data not shown). 
invariant Chain-Dependent Positive Selection 
363 
A) Wild Type Antbdan II Anwl 
0 0.5 I z 4 0 0.5 I 2 4 
93 .” 
68t# 
29 c i 
Cl 
p31R 
A”tk*ss II A”ti4 
0 0.5 1 * 4 0 0.5 1 z 4 
93 ct 
43 *, 
16. 
14. 
B) Ii* Antbcllrr u AntI 
0 0.5 1 t 0 0.5 1 4 
W 
p41l? 
Anti-d*% t, htui 
0 05 1 * 4 0 0.5 1 2 4 
43 c 
1 
18.: 
14. 
.a 
:tl’ 
Figure 4. Maturation of Class II Is Not Enhanced by Low Levels of Ii Expression 
Spleen cells from (A) wild-type C57BU6, (B) liO, (C) ~31 R, and (D) p41 R mice were labeled with [3H]leucine for 30 min and chased in excess leucine 
for 0, 0.5, 1, 2, or 4 hr. Postnuclear supernatants were immunoprecipitated with either a mix of 25-9-17 and Y3P (anti-class II) or In-l (anti-Ii). 
Immature a (a), mature a (a’), immature 3, mature 6 (6’) ~31, and p41 are indicated on the right. Molecular weight markers are indicated on 
the left. The p31 R splenocytes were from the 3.M2 line, and the p41 R from the 4X.M9 line. 
class II to have a measurable effect on the maturation or 
cell surface expression of the total pool of class II mole- 
cules. 
peptide. In the absence of Ii, class II-restricted antigen 
presentation can still take plaoe, albeit for most antigens 
at a reduced efficiency (Nadimi et al., 1991; Peterson and 
Miller, 1992; Bikoff et al., 1993; Viville et al., 1993; Elliott 
Peptide Loading of Class II Is Similar in Ii0 et al., 1994). In addition, some endogenous antigens can 
and ~31 FUp41 R Mice be preferentially loaded onto class II in the absence of 
Ii is not absolutely required for association of class II with Ii (Bodmer et al., 1994). However, the peptides that do 
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Figure 5. Deficiency of SDS-Resistant Dimer Formation in p31 R and 
~41 R Splenocytes 
(A) Spleen cells from heterozygous wild-type (+I-). Ii0 (-I-), and recon- 
stituted (-I-p31+, from the 3.F13 transgenic line) mice were lysed in 
Western lysis buffer. The lysate was divided into two parts, one of 
which was boiled (B) at 100% for 2 min, and the other, which was 
not boiled (NB). Samples were then run out on a 10% SDS-PAGE gel. 
Proteins were transferred to nitrocellulose, and class II was visualized 
using 889, a rabbit antisera that recognizes the cytosolic tail of the 8 
chain of class II. Similar results were obtained with the 3M2 line (data 
not shown). 
Table 1. Cell Surface MHC Class II Expression Is Not Restored 
in p31R Mice 
Genotype MHC Haplotype MFI IAb MFI I-AL 
+I- H-2b 748 20 
693 19 
Ii0 ,, 86 15 
60 19 
74 13 
~31 R I, 68 18 
+I- H-2b”L 177 379 
203 460 
151 356 
Iin I 40 58 
45 54 
p31R n 55 83 
43 63 
Splenocytes from heterozygous wild-type +I-, IiD, and ~31 R mice were 
analyzed for class II surface expression on B cells by flow cytometry. 
Cells were labeled with P&conjugated anti-B220 (PE) and FITC- 
conjugated anti-class II antibodies (anti-I-Ab, 25-9-17; anti-I-Ak. 1 l-5.2); 
8220’ cells were gated and the density of class II expression analyzed 
and reported here as mean fluorescence intensity. For the homozy- 
gous H-2b mice in the top panel, staining with anti-l-A” serves as a 
negative control. p31R mice were from the 3.F13 line; similar results 
were obtained with all three ~31 and both p41 transgenic lines (data 
not shown). Expression of I-A’ was increased in one of the ~31 R mice 
shown here, but such an increase was not observed often. Of six ~31 R 
3.F13 mice tested, the average levels of class II, expressed as percent 
of the MFI of haplotypamatched Ii’ class II levels in the same experi- 
ment, was 107%. 
associate with class II in the absence of Ii do not confer 
an SDS-resistant conformation onto class II dimers (Bikoff 
et al., 1993; Viville et al., 1993; Elliott et al., 1994). Expres- 
sion of low levels of p31 (Figure 5A) or ~41 (Figure 58) 
did not result in a detectable increase in SDS-resistant 
dimer formation. In fact, the amount of higher molecular 
weight class II complexes seen more predominantly in the 
absence of Ii, probably indicating class II aggregation or 
association with ER resident proteins (Schaiff et al., 1992; 
Bonnerot et al., 1994; Nijenhuis and Neefjes, 1994), was 
similar in ~31 R, ~41 R, and Ii0 spleen. 
As an independent assay for the ability of low levels 
of p31 to modulate peptide binding to class II, we took 
advantage of the increased ability of class II in the absence 
of Ii to bind exogenous peptide (Peterson and Miller, 1990; 
Bikoff et al., 1993; Viville et al., 1993; Elliott et al., 1994). 
Y-Ae is a class II-specific monoclonal antibody (MAb) that 
binds to I-Ab that is associated with a peptide derived from 
I-Ea (Murphy et al., 1989; Rudensky et al., 1991). When 
I-Ab-positive, I-Ea-negative spleen cells from wild-type 
mice are incubated with Ea 52-88 peptide, only a small 
percentage of class II is able to bind peptide (compare 
the relative staining of 25-9-17 with Y-Ae in Figure 8). In 
contrast, spleen cells from Ii0 mice express much less I-Ab 
but actually load with more Ea peptide. Thus, whatever 
(8) Analysis was performed as described for (A), and the reconstituted 
mouse (-I-~41’) was from the 4X.M30 transgenic line. Note that the 
order of boiled and not boiled is different in (A) and (B). The position 
of class II 5 and SDS-resistant compact (c) dimer is shown on the left 
in each panel. 
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Figure 6. Enhanced Generation of the Y-Ae Epitope in Ii0 and p31R 
Splenocytes as an Indicator of Peptide Loading of Class II 
Splenocytes from homozygous H-2b wild-type (thin line), Ii0 (dotted 
line), and p31R (thick line) mice were incubated with 50 uglml Eu 
peptide for 4 hr at 37% then tested for surface expression of (A) total 
I-Ab (MAb 25-g-17) and (B) I-AVEa peptide complexes (MAb Y-Ae) by 
FACS analysis. As a negative control, cells were incubated with HEL 
46-61 peptide under the same conditions (data not shown). The mean 
fluorescence intensity of the total cell population (for negative controls) 
andfortheclass II-positivepeaksshown herearegiven in parentheses 
for wild-type, If’, and p31R splenocytes, respectively: HEL peptide- 
loaded cells stained with negative control antibodies (9, 10, 12); HEL 
peptide-loaded stained with Y-Ae (12, 11, 11); Ea peptide-loaded cells 
stained with 25-9-17 (1146, 272, 261); and Ea peptide-loaded cells 
stained with Y-Ae (65, 157, 137). 
peptides are loading onto class II in the absence of Ii, 
these peptides appear to be readily displaced by exoge- 
nous peptide during incubation at 37%. Spleen cells from 
p31 R mice also bind large amounts of Ea peptide as de- 
tected by Y-Ae staining (Figure 6), but there is a small 
decrease in the relative staining of cells from p31 R com- 
pared with lie. Thus, as discussed above, it is likely that 
a small percentage of class II is associating with Ii in p31 R 
and p41R mice, representative of the low level of Ii ex- 
pressed in these mice. Although this small amount of li- 
associated class II remains largely undetectable in our 
assays for class II transport, peptide loading, and cell sur- 
face expression, it appears to be sufficient to impart posi- 
tive selection of CD4+ T cells. 
CD4+ T Cells in Ii0 Mice Express an Abnormal 
Phenotype that Is Restored to Normal by 
Low Expression of p31 or p41 Ii 
In addition to a defect in T cell selection in the thymus, 
CD4+ T cells in the periphery of Ii” mice have an altered 
phenotype. A larger proportion of lymph node CD4’T cells 
in Ii0 mice expressed higher levels of CD44 (Figure 7A) 
than in age-matched wild-type mice. With increasing age, 
the proportion of CD44bri@‘r CD4+ T cells increased in nor- 
mal mice, but also increased in Ii0 mice, such that the 
proportion of CD44bright CD4+ T cells was consistently 
greater in Ii0 than in wild-type mice (see Table 2 below). 
Likewise, a larger proportion of CD4’ T cells were CD62L 
(Mel-14) negative (Figure 78) and CD69 positive (see Ta- 
ble 2 below) as compared with heterozygous control mice. 
Peripheral CD4+ T cells in Ii0 mice exhibited a bimodal 
distribution of TCR a8 expression, such that as many as 
50% of CD4+ T cells expressed low levels of TCR (Figure 
7C). It is clear that most CD4dim cells are also TCRdim (see 
Figure 8 below). None of these effects were seen on CD8+ 
cells in the same individual mice; expression of CD44, 
CD62L, CD69, and TCR a8 was similar on CD8+ cells 
isolated from Ii0 and wild-type mice (data not shown). 
These data suggest that the activation or differentiation 
state of a large proportion of CD4’ T cells, but not CDE’ 
T cells, is specifically altered by the absence of Ii. 
Strikingly, CD4’ T cells selected in reconstituted mice 
expressing low levels of Ii display a normal phenotype. 
Expression of CD44 on CD4+ T cells in both p31R and 
p41 R mice was similar to normal mice, demonstrating pre- 
dominantly CD44*‘” CD4’ T cells with a minor population 
that are CD44br’gh’ (Table 2). Furthermore, the proportion 
of cells expressing CD62L and CD69 were also restored 
to normal levels (Table 2). Expression of these molecules 
on CD4+ T cells in reconstituted mice were similar to wild- 
type age-matched littermates at all ages tested (see older 
mice in Table 2, experiment 3). Reconstitution of Ii0 mice 
with low levels of either p31 (Figure 8) or p41 (data not 
shown) restored the generation of conventional CD4br’ghr 
T cells that express normal levels of TCR a8. Thus, the 
low levels of p31 or p41 alone were sufficient to restore 
positive selection of conventional CD4+ T cells, demon- 
strated not only by restoring the numbers of CD4’ T cells 
in the periphery, but also by restoring their normal phe- 
notype. 
Discussion 
In this report, we have shown that p31 or p41 Ii, even when 
expressed at low levels, can have a profound effect on the 
development of CD4’T cells. Previous characterization of 
Ii0 mice suggested that the lack of Ii could diminish positive 
selection of CD4+ T cells (Bikoff et al., 1993; Viville et al., 
1993) but it was not clear whether the lack of Ii was a 
direct or indirect cause of the defect. Studies presented 
here suggest that the lack of Ii is the critical parameter. 
We have measured positive selection of CD4’ T cells by 
both the numbers of CD4+ T cells in thymus and periphery 
and by cell surface expression of activation antigens and 
TCR density. The surprising result of these studies is that 
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Figure 7. Altered Expression of CD44, CD62L, 
and TCR a8 on CD4’ T Cells in Ii0 Mice 
Expression of CD44 (A), CD62L (6). and TCR 
a6 (C)on splenic CD4’ lymphocytes from age- 
matched heterozygous (+I-, lefl column) and 
IiD (-I-, right column) mice were analyzed by 
flow cytometry. The percentages of CD4’ T 
cells that were CD44b”@” in this experiment 
were 23% (+I-) and 49% (-I-); CD62L posi- 
tive were 76% (+/-) and 33% (-I-); and TCWm 
were 16% (+I-) and 55% (-I-). (A) and (B) 
were derived from the same mouse, and (C) 
was from a separate mouse in a separate ex- 
periment. For the mouse shown in(C), the per- 
centages of CD4+CD44b”g”’ cells were 27% 
(+I-) and 75% (-I-) (data not shown). This al- 
tered phenotype in Ii0 mice was found on the 
majority of CD4’ T cells in mesenteric lymph 
nodes, brachial lymph nodes, spleen, and pe- 
ripheral blood (data not shown), suggesting 
that the phenotype is not restricted to a specific 
tissue. 
Table 2. Expression of Activation Markers on CD4’ T Cells in p31 R and p41 R Mice 
Experiment Tissue Age Line Genotype 
Percent of 
CD4’ 
Percent of 
CD44”’ 
Percent of 
CD62L’ 
Percent of 
CD69’ 
1 Lymph Node 6 weeks +I- 45 13 
6 weeks +I- 52 20 
6 weeks -I- 25 35 
6 weeks 3.M5 ~31 R 46 14 
6 weeks 3.F13 p31 R 48 19 
2 Lymph Node 7 weeks +I- 32 27 
6 weeks -/- 8 56 
6 weeks 3.M2 p31R 33 19 
8 weeks 3.M2 p31R 41 27 
3 Spleen 6 months +I- 17 37 
6 months -I- 8 71 
6 months 3.F13 p31 R 16 35 
27 
48 
26 
29 
47 
24 
44 
Spleen 8 weeks +I- 14 23 14 
8 weeks -I- 7 45 44 
8 weeks 4X.M9 p41R 15 30 20 
Lymph Node 8 weeks +I- 27 24 
8 weeks -/- 17 46 
8 weeks 4X.MQ p41R 40 19 
Cells isolated from spleen or mesenteric lymph nodes were analyzed by flow cytometry. Lymphocytes were gated as determined by forward and 
side scatter. The approximate ages of the mice tested in each experiment are indicated. Line indicates the transgenic line that was used as a 
source of the p31 or p41 transgene; and Genotype indicates the status Of the endogenous Ii gene: +I- indicates heterozygous control, -I- indicates 
Iin, and p31 R or p41 R indicates Ii0 reconstituted with the p31 or p41 transgene. The percent of CD4’shows the percentage of total gated lymphocytes 
that express CD4. For each activation marker, the percentage given is the percentage of CD4+ cells that express the indicated marker at the 
indicated level. CD44b”@‘cells were defined as the bright peak normally discernible as a separate peak in normal mice. These data are representative 
experiments; a total of 12 reconstituted mice were tested in seven experiments. 
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-/- Te+ Figure 6. Reconstitution of Ii0 Mice with Low 
Levels of ~31 Restores Expression of CD4 and 
TCR to Normal Levels 
TcR ap 
Splenocytes for heterozygous wild-type (+I-), 
Ii” (-I-), and p31R (-l-Tg’) mice were ana- 
lyzed for CD4 (PE, y axis) and TCR a6 (FITC, 
x axis). The conventional CD4m TCR”’ cell 
population present as a majority in normal 
mice, reduced in Ii0 mice and restored in p31 R 
mice, is circled. Data shown are from the3.M2 
line; similar results were obtained from the fol- 
lowing lines: p31 R line 3.F13, and the p41R 
lines 4X.M9 and 4X.M30 (data not shown). 
very little Ii can restore positive selection and cell surface 
phenotype of CD4’ T cells. The mechanism by which ~31 
or p41 restores the CD4+Tcell compartment, as measured 
here, is independent of the levels of class II on the surface 
of B cells and the ability of the bulk of class II to form 
detectable SDS-resistant dimers in splenocytes. These 
data suggest that efficient generation of the ligands re- 
sponsible for positive selection of CD4+ T cells is depen- 
dent on the expression of Ii, and that the ligands them- 
selves are very potent because only a small subset of class 
II is needed to restore positive selection of normal numbers 
of CD4’ T cells. 
The Role of Ii in Positive Selection 
Our data suggest that the generation of the ligand for posi- 
tive selection of CD4+ thymocytes is dependent on Ii. Ear- 
lier analysis of Ii0 mice (Bikoff et al., 1993; Viville et al., 
1993) could not determine whether the inefficiency of posi- 
tive selection in the absence of Ii was a direct effect of Ii 
on class II folding, transport, or peptide loading, or simply 
a byproduct of the reduced levels of class II at the cell 
surface. There isclear precedent that the density of class II 
can modulate the efficiency of positive selection, although 
the sensitivity of a given TCR to changes in class II surface 
density is likely to vary between TCRs. For example, Berg 
et al. (1990) showed that small differences in the density 
of I-Ek can partially reduce the efficiency of positive selec- 
tion of 284 TCR. In contrast, positive selection of the 
transgenic TCR, 4B2A1, on I-Ed was completely abrogated 
in heterozygous H-2bXd mice, indicating that this TCR was 
very sensitive to a P-fold drop in surface class II expression 
(Bogen et al., 1992). In mice reconstituted with very low 
levels of Ii, the number as well as the phenotype of CD4+ 
T cells returned to normal levels, even though class II 
levels remained low. However, we do not know whether 
the T cell repertoire of CD4’ T cells is normal. It could be 
that the repertoire in p31 R or p41 R mice is more restricted 
than the repertoire in wild-type mice, owing to selection 
of TCRs that are less sensitive to decreased levels of 
class II. 
Our data suggest that low level expression of ~31 or p41 
is suff icient to restore positive selection without substantial 
increases in surface class II expression or major effects 
on the bulk of class II. However, our biochemical and flow 
cytometric analysis has been restricted to splenocytes, 
and the cells that are responsible for positive selection 
are thymic cortical epithelial cells (reviewed by Jameson 
et al., 1995). It is clear from immunohistochemistry that 
the level of ~31 expressed in thymic cortical epithelial cells 
is as low as it is in the splenocytes, and we think it is 
unlikely that the low levels of Ii are restoring class II cell 
surface density in thymic epithelial cells. Considering that 
equivalent protein levels of Ii in B cells had no effect on 
class II surface expression, it is unlikely that there is such 
a difference in the thymus. It remains possible that thymic 
cortical epithelial cells may require less Ii to restore class 
II transport or cell surface expression. However, cell-type 
differences in the effectiveness of Ii molecules would be 
surprising, because functions of Ii are dependent on the 
association of Ii with class II (for reviews see Germain and 
Margulies, 1993; Cresswell, 1994; Sant and Miller, 1994) 
or the multimerization of Ii (Arneson and Miller, 1995). 
There is a minority of cells in the thymic medulla that ex- 
press higher levels of ~31 in the ~31 R mice, and we cannot 
exclude the possibility that higher levels of ~31 expressed 
in these cells restores normal class II function and thus 
normal thymic development in the p31R mice. Class II- 
positive medullary cells have been reported to express 
higher levels of class II (Surh et al., 1992) and thus the 
transgene, under control of the class II promoter, may be 
proportionally higher in these cells as well. However, given 
that medullary cells are not likely to play a role in positive 
selection (reviewed by Jameson et al., 1995), it is unlikely 
these cells are responsible for restoration of positive selec- 
tion in the reconstituted mice. 
Recent evidence has shown that positive selection is 
dependent on specific peptide-MHC complexes. One of 
the first suggestions that peptide was important was based 
on the observation that amino acid differences between 
haplotypes of I-E (Berg et al., 1990) and mutants of Kb 
(Nikolic-Zugic and Bevan, 1990; Sha et al., 1990) that var- 
ied in their efficiency to positively select T cells, were local- 
ized to the peptide-binding groove. In more recent studies, 
it was found that while a class II-restricted antigenic pep- 
tide induced deletion of CD4’thymocytes bearing the spe- 
cific TCR, a competitive antagonist peptide blocked posi- 
tiveselection of the samecells (Spain et al., 1994). Studies 
of the ability of specific peptides to restore positive selec- 
tion of CD8’ thymocytes in fetal thymic organ cultures of 
82-microglobulin-negative or TAP-l -negative mice have 
demonstrated more directly that the ligand that induces 
positive selection consists of specific class I-peptide com- 
plexes (reviewed by Ashton-Rickardt et al., 1993b; Allen, 
1994; Jameson et al., 1995). Single peptides can induce 
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positive selection of nontransgenicTCRs, although a more 
diverse array of peptides is more efficient (Ashton-Rickardt 
et al., 1993a; Hogquist et al., 1993). Interestingly, not all 
peptides that stabilize class I expression can positively 
select (Ashton-Rickardt et al., 1994; Hogquist et al., 1994). 
Conversely, some peptides that have no effect on surface 
class I expression are very efficient at positive selection 
(Ashton-Rickardt et al., 1993a). These data suggest that 
the density of total class I or class II on the cell surface 
may not be the defining parameter, but rather the density 
of a specific ligand for positive selection is critical. 
Using this paradigm, li.may function in positive selection 
by facilitating the generation of specific class II-peptide 
complexes that are effective ligands for positive selection. 
This hypothesis leads to two important implications. First, 
the set of peptides that load onto class II in the absence 
of Ii are relatively ineffective in positive selection. Whether 
this apparent defect is peptide specific, or dependent on 
the structureof class II, needs to be determined. For exam- 
ple, it may be possible that effective positive selection 
relies on the class II conformation associated with SDS 
resistance, a conformation that is not efficiently induced 
in the absence of Ii (Bikoff et al., 1993; Humbert et al., 
1993; Viville et al., 1993; Elliott et al., 1994; Karlsson et 
al., 1994). The second implication is that only a small 
amount of Ii-dependent peptides is required to select a 
large pool of CD4+ T cells. Based on biochemical and flow 
cytometric studies of class II expressed in p31 R and p41 R 
mice, we estimate only l%-2% of class II is associated 
with Ii in these mice. Although the nature of such li- 
dependent peptides is not clear, one interesting possibility 
is that peptides or other proteolytic degradation products 
derived from Ii can function as a ligand for positive selec- 
tion. A nested set of peptides derived from the lumenal 
domain of Ii from amino acids 81-104 (known as CLIP) 
have been eluted from class II in various cell types (Ruden- 
skyet al., 1991,1992; Huntetal., 1992;Chiczetal., 1993). 
Evidence suggests that the CLIP region binds to class II 
in the peptide-binding groove (Malcherek et al., 1995; 
Sette et al., 1995), but for most alleles does not confer 
SDS-resistant class II dimer formation (Mellins et al., 1994). 
Consistent with a possible role for CLIP in directing posi- 
tive selection of CD4’ T cells is the recent finding that T 
cells can recognize CLIP peptides in a peptide-specific 
MHC class II-restricted fashion (M. F. N. and J. M., unpub- 
lished data). 
Given the ability of p41 to enhance presentation of some 
antigens (Peterson and Miller, 1992), it is likely that the 
array of peptides bound to the subset of Ii-associated class 
II in p41R mice is different from that in p31 R mice. How- 
ever, the observation that both p31 and p41 can restore 
the CD4+ T cell compartment suggests that functions of 
Ii common to both p31 and p41 are sufficient to restore 
positive selection, and that p41 is not required to generate 
the array of peptides needed for efficient positive selec- 
tion. Expression of p41 may affect the diversity of the T 
cell repertoire. As discussed above, variations in the array 
of peptides bound to class II may generate a distinct CD4+ 
Tcell repertoire that is not reflected in the overall efficiency 
of positive selection of CD4’ T cells. 
Ii may also play a role in positive selection by influencing 
coreceptor molecule interactions. The role of CD4 or CD8 
engagement in lineage commitment and positive selection 
has been polarized into two models, the stochastic and 
instructive models (reviewed by Davis and Littman, 1994; 
Robey and Fowlkes, 1994), and the exact role of CD4 and 
CD8 in this process remains controversial. It is possible 
that the deficiency in positive selection in Ii” mice is due 
to an altered ability of CD4 to bind class II. The conforma- 
tion of class II expressed on the cell surface may be differ- 
ent in the absence of Ii, and the proportion of class II that 
does associate with the little p31 or p41 expressed in re- 
constituted mice may assume a conformation that alters 
binding to CD4. Ii has been shown to affect the conforma- 
tion of class II (Peterson and Miller, 1990; Anderson and 
Miller, 1992; Rath et al., 1992), although there is no evi- 
dence to date demonstrating effects of Ii on the ability of 
CD4 to bind class II. 
The chondroitin sulfate form of Ii (Ii-CS) may also be 
important for positive selection. A small proportion (2%- 
5%) of total Ii is modified by the addition of chondroitin 
sulfate (Sant et al., 1985a, 1985b; Miller et al., 1988), and 
Ii-CS is rapidly transported to the cell surface in associa- 
tion with class II (Sant et al., 1985b; L. S. A. and J. M., 
unpublished data). At the cell surface, Ii-CS can function 
as an accessory molecule, enhancing activation of primary 
T cell responses in vitro by interacting with CD44 on CD4+ 
T cells (Naujokas et al., 1993). The role of this interaction 
in vivo is not currently known. CD44 is expressed on early 
thymocytes (Godfrey et al., 1994) as well as mature thymo- 
cytes (Fowlkes and Pardoll, 1989), and interaction of 
Ii-CS with CD44 may be important during positive selec- 
tion. It is improbable that an Ii-CSICD44 interaction during 
early thymocyte development is the interaction lacking in 
Ii” mice, because Ii0 mice demonstrate normal to increased 
percent of CD4+CD8+ double-positive thymocytes. To as- 
sess more definitively whether high expression of CD44 
in more mature thymocytes is a step where interaction 
with Ii-CS occurs and is critical for positive selection, we 
are generating mice that express only a mutant form of 
p31 that cannot be modified by CS addition (Miller et al., 
1988; Naujokas et al., 1993). 
Phenotype of CD4+ T Cells 
A larger proportion of peripheral CD4’T cells in Ii0 mice are 
CD44b@” CD62L (Mel-14) negative, and CD69 positive. It 
is not clear whether the abnormal phenotype on peripheral 
CD4+ T cells in Ii0 mice is a consequence of single or 
multiple events that could occur in the thymus or periphery 
or both. It is possible that this increase reflects more rapid 
accumulation of activated cells due to an increased work- 
load on the fewer numbers of CD4’T cells that are present 
in the periphery, but we cannot exclude the possibility that 
this reflects an accumulation of CD4+ cells that have not 
been properly engaged for a positive selection event. For 
example, increased expression of CD44 and CD69, and 
decreased levels of CD62L are found on activated or mem- 
ory T cells (Bradley et al., 1992, 1993). Interestingly, a 
similar phenotype has been observed on CD4+ T cells that 
have been anergized in vivo (Fink et al., 1994). Down- 
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modulation of TCR has been shown to occur in response 
to chronic exposure to antigen in the periphery (Ferber et 
al., 1994). So the altered phenotypeof CD4+cellsin IPmice 
could be the result of peripheral activation or tolerance 
induction. Alternatively, increased CD69 and decreased 
TCR expression has also been found on CD4+CD6+ thymo- 
cytes undergoing positive selection (Yamashita et al., 
1993), and disruption of positive selection could result in 
a maintenance of this phenotype in the periphery. In favor 
of peripheral activation, the disparity between Ii0 and nor- 
mal or reconstituted mice becomes larger with increasing 
age of the mice. Arguing against peripheral activation, 
we have preliminary indications that the proportion of 
CD44h@’ CD4+ T cells is increased in single-positive thy- 
mocytes (data not shown). Also, reconstitution of irradi- 
ated Ii0 mice with wild-type bone marrow resulted in a simi- 
lar increase of CD4+ T cells expressing activation antigens 
(A. Rudensky, personal communication), indicating that 
the altered phenotype is not corrected by bone marrow- 
derived wild-type cells, and thus may be the result of ab- 
normal thymic selection events. 
Interestingly, increased levels of CD44 expression and 
decreased TCR expression are also seen on peripheral 
CD4+ T cells in class II-negative mice (Cosgrove et al., 
1991; Cardell et al., 1995). Some evidence suggests that 
the few CD4+ T cells that do arise in the periphery of class 
II-negative mice may represent a subset of CD4+ T cells 
that may be selected on alternative or unconventional re- 
striction elements, such as class I (Bendelac et al., 1994) 
or CD1 (Bendelac et al., 1995; Cardell et al., 1995). CD4’ 
T cells in the periphery of Ii” mice may be similar to those 
in class II-negative mice, and the defect in positive selec- 
tion lies strictly within the conventional CD4+ T cell com- 
partment that uses MHC class II as a restriction element. 
However, T cells that express normal levels of CD4 and 
TCR are also CD44brigM in Ii0 mice (data not shown). Either 
CD4+ T cells selected on nonconventional restriction ele- 
ments can alter their expression of TCR, CD4, and activa- 
tion antigens; or a proportion of CD4’ T cells in Ii0 mice 
are positively selected on class II in the absence of Ii but 
express activation antigens for reasons discussed above. 
In support of the latter possibility, at least some class II- 
restricted TCRs can be positively selected as transgenes 
in Ii0 mice (Tourne et al., 1995; M. F. N. and J. M., unpub- 
lished data). It is certainly plausible that multiple mecha- 
nisms may be contributing to the altered phenotype of 
CD4+ T cells, perhaps a combination of aberrant T cell 
development, peripheral T cell activation, peripheral toler- 
ance, or some combination. In this regard, it is striking 
that low levels of Ii expression seen in p31R and p41R 
mice appears to correct fully these defects resulting in 
normal numbers and phenotypeof peripheral CD4+Tcells. 
Experimental Procedures 
Transgenic and Ii” Mice 
All mice were housed in a specific pathogen-free facility at the Univer- 
sity of Chicago. Transgenic mice were generated in the C3H strain 
(University of Chicago Cancer Center Transgenic Facility). To gener- 
ate transgenic mice, an expression vector, pDOI-5 (Kouskoff et al., 
1993), was used. This vector contains the promoter from MHC class 
II Ea, and was previously successfully used to generate transgenic 
mice expressing class II (Kouskoff et al., 1993). cDNA encoding p31 
or p41 Ii was inserted into the pDOI-5 vector at the EcoRl cloning site, 
and fragments for embryo injection were obtained using Xbal and Nrul 
(~31 constructs), or Xbal-Xhol partial digests (~41 constructs) to cut 
the construct. Fragments digested with Xbal-Nrul have approximately 
100 bp of bacterial sequences that are not present in Xbal-Xhol- 
digested fragments. The latter digests were used in an effort to obtain 
higher expression levels, because bacterial sequences have been re- 
ported to inhibit expression of transgenes. In the lines analyzed so 
far, the additional 100 bp seems to have little effect. Detection of 
transgene was performed by Southern blot analysis using p31 cDNA 
as a probe, detecting a fragment of 1450 for p31 transgenes, and 1650 
for ~41 transgenes (data not shown). Ii0 mice derived in 129 mice and 
backcrossed into C57BU6 mice were obtained from D. Mathis and C. 
Benoist (Strasbourg). Detection of the mutated (flu//) and wild-type 
endogenous Ii gene was performed by Southern blot analysis as de- 
scribed previously (Viville et al., 1993). Transgenic mice were crossed 
to Ii0 mice, and backcrossed again to Ii” to obtain mice that were homo- 
zygous for the null allele at the endogenous Ii locus and positive for 
incorporation of the transgene. The resulting mice were either homozy- 
gous H-2b or heterozygous H-2b*. Both types of mice were used in 
these studies with equivalent results. For all experiments, we have 
analyzed at least three and as many as five independent Ii transgene 
founder lines (three containing ~31 and two containing ~41) to verify 
that any effects seen were clearly attributable to the expression of the 
Ii transgene and not related to any integration site effects. 
Antibodles and FACS Stalnlng 
Antibodies that recognize the following antigens were obtained from 
Pharmingen (San Diego, California): CD4 (H129.19, phycoerythrin 
[PE] or biotin conjugated), CD6 (53-6.7. fluorescein isothiocyanate 
[FITC] or PE conjugated), TCR a!3 (H57-597. FITC conjugated), CD44 
(IM7, FITC conjugated), CD45RB (16A, FITC conjugated), CD62L (Mel- 
14, FITC conjugated), CD69 (H1.2F3, FITC conjugated), I-Ab (25-9-17, 
FITC conjugated), I-A (1 l-5.2, FITC conjugated), I-Ad (AMS-32.1, FITC 
conjugated), CD45RIB220 (RA3-682, PE conjugated), and FcyRllll 
(24G2, unconjugated to block nonspecific Fc binding of MAbs). 
For FACS analysis, single cell suspensions were obtained from 
spleen, thymus, or lymph nodes, and 0.5-I .O x lo8 cells per sample 
were stained in 96-well plates, using FACS Buffer (phosphate-buffered 
saline containing 3% fetal calf serum and 0.1% sodium azide) to wash 
the cells. Peripheral blood was enriched for lymphocytes by separation 
on Ficoll (Pharmacia, Uppsala, Sweden), with a subsequent wash in 
FACS buffer prior to staining. In all cases, cells were kept on ice 
throughout the procedure. Antibodies were diluted 1:20-1:160, and 
10 pl added per sample. In two- or three-color stainings, each antibody 
was added separately and individually to avoid any dilution variability 
of the antibodies. Samples were washed twice, and analyzed on a 
Becton Dickenson FACScan using Lysis II software. Dead cells were 
excluded using propidium iodide in two-color stainings, or by forward 
and side scatter gating in three-color stainings. A minimum of 10,000 
total cells were analyzed for each sample. Age-matched mice were 
used in experiments as indicated in each figure or table. 
For Y-Ae staining, spleen cells were incubated in complete culture 
media for 4 hr at 37OC in the presence of 25 @ml of Ea peptide (52- 
66) or HEL (46-61) as a control peptide. The cells were washed and 
stained with Y-Ae and 25-917 as described above. FlTC-conjugated 
goat anti-mouse Fo, (Jackson Immunoresearch, West Grove, Pennsyl- 
vania) was used as the secondary antibody. Y-Ae MAbs and Ea peptide 
were provided by A. Chervonsky and C. Janeway. 
Antibodies used in protein biochemistry were the following: 656, a 
rabbit anti-Ii (cytosolic tail) antisera; 669, a rabbit anti-I-Ab chain (cyto- 
solic tail) (Anderson et al., 1993). and In-l, a rat MAb that recognizes 
the cylosolic tail of Ii (Koch et al., 1962). Developing antibodies were 
goat anti-rabbit horseradish peroxidase (HRP) conjugated, and goat 
anti-rat HRP conjugated (Sigma, St. Louis, Missouri). 
Western Blot Analysis 
Single cell suspensions were obtained from spleens, and cells were 
lysed in Western lysis buffer (0.5% NP-40,0.2% CHAPS, 0.05 M Tris- 
HCI, 0.15 M NaCI, and 5 mM EDTA) at a concentration of l-2 x IO7 
cells/40 )II of lysis buffer in the presence of iodoacetimide (37 pglml), 
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PMSF (200 fig/ml), and aprotinin (25 ug/ml). Cells were solubilized 
for at least 30 min on ice, and then nuclei were pelleted. To 40 ul 
of lysate, 50 pl of sample buffer (2% SDS, 62.5 mM Tris HCI, 2% 
P-mercaptoethanol, and 20% v/v glycerol) was added, and the mixture 
was boiled at 100°C for 3 min. For analysis of SDS-resistant dimer 
formation, duplicate samples where indicated were not boiled but left 
at room temperature. Samples were loaded onto 10% SDS-PAGE 
gels, and transferred to nitrocellulose in 160 mM glycine, 24 mM Tris- 
HCI, 20% methanol. The nitrocellulose was preblocked with a solution 
of 5% dry milk, then incubated with the 656 antisera (1:400) or In-l 
supernatants (1:lO) to test for Ii expression, or 669 antisera (1:300) 
to test for SDS-resistant dimers. Blots were washed with phosphate- 
buffered saline containing 0.05% NP-40, then incubated with goat 
anti-rabbit or goat anti-rat HRPtonjugated antibodies. Blots were 
washed extensively, then developed with enhanced chemilumines- 
cence (Amersham, Arlington Heights, Illinois). 
Radiolabeling and Pulse-Chase Analysis 
Spleen cells were labeled with [3H]leucine at l-2 x lO’/ml for 30 min 
and chased for the indicated times in excess cold leucine. After the 
chase, cells were lysed, precleared, and immunoprecipitated as de- 
scribed (Arneson and Miller, 1995). lmmunoprecipitates were eluted, 
run on 10% SDS-PAGE, and autoradiographed as described (Arne- 
son and Miller, 1995). 
Frozen Section Analysis of Thymus 
Thymus and spleen were removed from mice that were 2-2.5 weeks 
old, and tissues were quickly frozen on dry ice in OCT medium. Cryo- 
stat sections were cut at 6 urn, and briefly fixed in 1% paraformalde- 
hyde. Sections were incubated with primary antibody (In-l) at various 
dilutions, followed by a biotinylated mouse anti-rat immunoglobulin 
G, then streptavidin-HRP. Staining was revealed by incubation with 
3-amino g-ethyl carbazole as a chromogen, and counterstained with 
hematoxylin. Sections were photographed at 126x 
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